[1] We present zonal and meridional wind measurements at three altitude levels within the cloud layers of Venus from cloud tracking using images taken with the VIRTIS instrument on board Venus Express. At low latitudes, zonal winds in the Southern hemisphere are nearly constant with latitude with westward velocities of 105 ms À1 at cloudtops (altitude $ 66 km) and 60-70 ms À1 at the cloud-base (altitude $ 47 km). At high latitudes, zonal wind speeds decrease linearly with latitude with no detectable vertical wind shear (values lower than 15 ms À1 ), indicating the possibility of a vertically coherent vortex structure. Meridional winds at the cloud-tops are poleward with peak speed of 10 ms À1 at 55°S but below the cloud tops and averaged over the South hemisphere are found to be smaller than 5 ms
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. We also report the detection at subpolar latitudes of wind variability due to the solar tide.
Introduction
[2] The three-dimensional structure of the winds on Venus within the cloud and haze layers (altitudes 30-70 km) is dominated by a strong westward zonal flow (the superrotation), which has been measured by numerous spacecraft and ground-based telescopic observations (see Schubert [1983] and Gierasch et al. [1997] for detailed reviews up to 1997 and Limaye [2007] and Peralta et al. [2007] for extended recent analysis). Fluctuations in the mean wind speed due to the thermal solar tide and other wave motions have also been detected. A meridional poleward motion has been identified in the upper cloud [Belton et al., 1991; Limaye, 2007] , but there are few measurements of the magnitude of the flow below the level of the upper cloud [Belton et al., 1991; Carlson et al., 1991] . The heterogeneous nature of the measurements, and limitations in their spatial and temporal coverage, have so far prevented a deep understanding of the general circulation in the three main cloud layers. For example, in situ measurements during the descent of the Venera series and Pioneer Venus atmospheric entry probes occurred at single locations and at a particular local time [Schubert, 1983; Gierasch et al., 1997, and references therein] , while the Vega balloons did not drift much in latitude and altitude within the middle cloud [Preston et al., 1986] . Cloud tracking studies performed by flyby spacecraft (Mariner 10 and Galileo) and ground-based observation are necessarily limited in temporal coverage [Limaye and Suomi, 1981; Carlson et al., 1991; Crisp et al., 1991; Peralta et al., 2007] . The most extensive dataset used for cloud-tracking was obtained over nine years by the Pioneer Venus Orbiter OCPP; however, the cloud tracking was mainly at a single wavelength (365 nm) Limaye, 2007] . Finally, indirect estimations of the zonal wind speeds made from temperature measurements under the assumption of cyclostrophic dynamical balance are limited on the one hand by the accurate determination of the reference base wind profile and its altitude, on the other, by waves and other perturbations to the temperature field [e.g., Newman et al., 1984] . However, a direct application of the cyclostrophic balance to derive the wind structure has been presented [Limaye, 1985] .
[3] In this paper we present a study of the three-dimensional structure and temporal variability of Venus winds based on a homogeneous and well sampled set of images obtained by the Visible and InfraRed Thermal Imaging Spectrometer (VIRTIS) instrument [Drossart et al., 2007] on board Venus Express (VEX) [Svedhem et al., 2007] . This is the first time it has been possible to use images from the same instrument with the same measurement methodology to retrieve winds at three wavelengths, i. e. three separated altitude levels within the cloud cover.
Observations and Analysis
[4] Since April 11, 2006 VEX has been in a highly elliptical polar orbit around Venus (apocenter at 60,000 km over the South Pole and pericenter at 250 km over the North Pole) with a 24 hr period. The VIRTIS spectral images used for this report were obtained between April 2006 and June 2007 -a detailed list of observations used is found in the auxiliary material 1 for this article. VIRTIS images at three different wavelengths were used to sound the cloud layers at three different altitudes. In dayside images at the ultraviolet wavelength of 380 nm we detect cloud features in the upper cloud, which corresponds to an altitude range of 62 -70 km (hereafter referred to as 66 km).
In the near infrared at 980 nm, photons are more penetrating and reach the base of the upper cloud within an altitude range 58 -64 km (hereafter, 61 km) [Belton et al., 1991; Peralta et al., 2007] . Compatibility of these altitudes requires always the 380 nm cloud features to be above the 980 nm features. Night side images of Venus were acquired at wavelengths of 1.74 and 2.3 mm where the radiance comes from altitude levels beneath the main clouds and is attenuated as it passes through the lower cloud layer at $44 -48 km [Carlson et al., 1991; Crisp et al., 1991] . There is uncertainty in the altitude of the cloud features observed at each wavelength because of our lack of knowledge of the cloud vertical structure variability. The altitudes quoted above are based on our own calculations, and are broadly consistent with previously published results by other authors, as detailed in the auxiliary material.
[5] VIRTIS images suitable for global wind measurements were selected to cover the whole southern hemisphere, corrected for defects (mainly striations), processed for contrast enhancement, navigated and geometrically projected into cylindrical or polar maps. Due to the orbital characteristics and instrument observational constraints, the images show different spatial resolutions, ranging from 15 to 105 km pix À1 .
[6] Figure 1 shows representative examples of the cloud texture and morphology at these wavelengths. The clouds are organized in partially tilted zonal bands with elongated features at mid-latitudes up to the dipole area poleward of 75°S [Piccioni et al., 2007] . Abundant mottled, irregular and warped turbulent structures are present at lower latitudes, and packets of gravity waves are detected at different latitudes in the upper and lower clouds. Cloud tracking was performed on image pairs separated by 20 -74 min in the three wavelengths. The methodology is fully explained by Peralta et al. [2007] . In total, we tracked 625 cloud elements at 380 nm, 662 at 980 nm and 932 at 1.74 mm. Table S1 with the full data set is presented in the auxiliary material. Combining the resolution limit and the navigation precision, the systematic uncertainty in the wind speeds for each individual tracked cloud feature is 4 -12 ms À1 at polar and mid-latitudes (30°S to 90°S), and 13 -20 ms À1 at equatorial latitudes (30°S -0°S).
Zonal and Meridional Winds
[7] The spatial and temporal averaged zonal and meridional components of the wind, binned in latitude bands of 2°, are shown in Figure 2 . The error bars displayed in Figure  2 are $10 ms À1 and were obtained from the standard deviation (1 À s) of measurements within each bin, which include both the formal measurement error of each individual point and the deviations from the mean flow due to dynamical processes. Figure 2a shows that the temporally and zonally averaged zonal and meridional wind velocity profiles present the same general behavior at all the wavelengths measured (i. e. different altitude levels). In the upper cloud level (day time, altitudes $61 and 66 km) the zonal wind speed is constant from equator to $55°S and then decreases steadily toward zero at the pole. The mean zonal wind in the latitude range from 0°and 55°S at z $ 66 km is hui = À102 ± 10 ms À1 , decreasing to zero at the pole with a meridional shear @hui/@y = 0.026 ms À1 per km. A similar trend has been recently reported from reanalysis of the Pioneer-Venus [Limaye, 2007] and Galileo images [Peralta et al., 2007] , although those studies had less coverage at high latitudes than the VIRTIS images. A comparison of our results with these previous studies shows that the zonal wind profiles measured for the upper cloud in these years 1979 -85, 1990 and 2006 -07) are broadly consistent, within the measurement uncertainties.
[8] However, we find a difference at z $ 61 km, the base of the upper cloud, when comparing our averaged profile with that measured in the northern hemisphere using Galileo images [Peralta et al., 2007] . The VIRTIS averaged wind speed between 0°and 55°S was hui = À62 ± 10 ms Figure 3a ), when the average wind speed from 0°to 55°S was hui = À75 ± 10 ms À1 , closer to the Galileo results [Belton et al., 1991; Peralta et al., 2007] . These tentatively detected wind changes at 61 km will need to be confirmed with further measurements over later orbits.
[9] The zonal winds at the lower cloud (night time, altitude 47 km, Figure 2a) show a similar latitude dependence with nearly constant speed from equator up to latitude 65°S and then a steady decrease toward zero velocity at the pole. The mean speed is hui = À60 ± 10 ms À1 from 0°to 65°S and the meridional shear of the wind from 60°S to 90°S
is @hui/@y = 0.021 ms À1 per km. Our wind measurements at different altitude levels within the cloud layers are consistent with the vertical shear of the zonal flow previously measured at localized points by the entry probes and Vega balloons [Schubert, 1983; Gierasch et al., 1997] and with previous cloud tracking studies [Carlson et al., 1991; Crisp et al., 1991] . At equatorial and mid-latitudes (0°to 55°S) the vertical wind shear is @hui/@z = 8 ± 2 ms À1 per km between altitudes z $ 61 and 66 km, and is @hui/@z < 1 ms
À1
per km between altitudes z $ 47 and 61 km. In the sub-polar latitudes from 50°S-60°S to the pole, the vertical shear within the clouds (altitude 47 to 66 km) is weak, @hui/@z $ 2 ms À1 per km (or lower).
[10] The meridional component of the velocity is shown as a function of latitude in Figure 2b for the three altitudes. Although our data are at the limit of the measurement error (mean r.m.s. = 9 ms À1 for all filters from the scatter of the measured velocities), at z $ 66 km the velocity increases from 0 ms À1 at equator to about 10 ms À1 at 55°S and then decreases to 0 ms À1 poleward. This motion likely represents the manifestation of the upper branch of a Hadley cell [Schubert et al., 1983; Gierasch et al., 1997] and its zonal dependence agrees with the recent reanalysis of PioneerVenus data by Limaye [2007] and Peralta et al. [2007] . The peak speed at 55°S and the rapid wind decrease toward the pole are most probably related to the structure of the polar vortex. At 61 km and 47 km the mean value of the meridional velocity appears to be <5 m/s, and no conclusive latitudinal trend can be discerned, given the relatively large measurement uncertainty of ±9 m/s. Our results at 61 km agree with previous estimates obtained using Galileo images for the northern hemisphere and low latitudes in the southern hemisphere [Belton et al., 1991] .
[11] Analysis of the zonal wind velocity as a function of the local time and on a long-term basis using averages in latitudinal bands shows that part of the variability has a periodic spatial component. Figures 3b and 3c plot show the zonal wind as a function of latitude and solar time in the upper cloud level at z $ 66 km. The presence of the thermal solar tide is apparent in the latitude range 50°S -75°S, equivalent (for a constant cloud height) to increasing the zonal wind speed in the upper cloud at a rate of about À2.5 ± 0.5 ms À1 hr À1 from the morning (9 hr local time) to the afternoon (15 hr). At other latitudes we do not see evidence for this phenomenon, including the equator where the solar tide was previously reported . This result -that there is a solar tide signal in the zonal wind which is stronger at high latitudes than at the equator -is also found in the preliminary wind data from Venus Express-VMC camera [Markiewicz et al., 2007] . Within the data uncertainty, the solar tide was not detected at any latitude at the 61 km level, indicating that it is confined to near the cloud tops. Deeper, at z $ 47 km on the night side, the solar tide is not expected, nor is it observed. The wave amplitude ($10 m/s) agrees with the analysis of Pioneer-Venus data Limaye, 2007] and Galileo [Toigo et al., 1994] .
Conclusions
[12] A firm conclusion from these results when combined with previous spacecraft data is that the zonal circulation changes sharply at $55°latitude. At latitudes <55°, winds are nearly constant with latitude but exhibit strong vertical shear, with mean westward velocities of 60-70 ms À1 at the base of the cloud and 105 ms À1 at the top of the cloud. Poleward of 55°latitude, however, zonal wind speeds decrease linearly to the pole with virtually no vertical wind shear, indicating a vertically coherent vortex structure that ends at the poles forming the dipolar feature [Piccioni et al., 2007] . The fact that the lower branch of the Hadley cell (returning from the pole) is not detected within the lower cloud (or is weaker than $5 ms
À1
) is perhaps not surprising since its velocity at this higher-pressure level could be significantly lower than in the upper branch, and hence smaller than the error in the measurements. Ongoing observations with VIRTIS over the next years will characterize the stability and temporal variability of the mean zonal winds at the upper and lower cloud levels. 
